Planarised optical fiber composite using flame hydrolysis deposition demonstrating an integrated FBG anemometer by Holmes, C. et al.
Planarised optical fiber composite using flame 
hydrolysis deposition demonstrating an 
integrated FBG anemometer 
Christopher Holmes,* James C. Gates and Peter G. R. Smith 
Optoelectronics Research Centre, University of Southampton, Southampton, SO17 1BJ, UK 
*chh@orc.soton.ac.uk 
Abstract: This paper reports for the first time a planarised optical fiber 
composite formed using Flame Hydrolysis Deposition (FHD). As a way of 
format demonstration a Micro-Opto-Electro-Mechanical (MOEMS) hot 
wire anemometer is formed using micro-fabrication processing. The 
planarised device is rigidly secured to a silicon wafer using optical quality 
doped silica that has been deposited using flame hydrolysis and 
consolidated at high temperature. The resulting structure can withstand 
temperatures exceeding 580K and is sensitive enough to resolve free and 
forced convection interactions at low fluid velocity. 
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1. Introduction 
Integrating optical fiber with a planar substrate is used throughout photonics. Examples of 
which include waveguide coupling [1,2], optical pumping [3,4] and fabrication of 
micromechanical sensor systems [5,6]. Adhesion is usually achieved through use of glues 
such as epoxy [7], a fusion splice [8] or glass frit [9], which do exhibit limitations. These 
include poor optical quality, thermal degradation at only a few hundred degrees Celsius, 
degradation in the presence of common solvents and the potential of introducing micro-
damage to the fiber [10]. In this paper we introduce a new method for adhesion that involves 
the consolidation of glass soot formed through Flame Hydrolysis Deposition (FHD) [11] 
about a fiber as illustrated in Fig. 1. 
 
Fig. 1. The three stage process to fabricate a fibre-FHD planar composite. 
The resulting glass-fiber composite (SEM imaged in Fig. 2) overcomes the limitations 
associated with other adhesion methods. Furthermore, it has the added advantage of utilizing 
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a commercial silica deposition technique that has a low propagation loss [12] and can be 
doped to manipulate refractive index and stress optic properties [13,14]. The platform is also 
conducive to planar microfabrication. 
 
Fig. 2. SEM images of the Fibre-FHD optical composite (FFOC) with an optical fibre diameter 
of 125µm. 
This paper reports the microfabrication of a hot-wire anemometer as a way of 
demonstrating the capability of the fiber-planar composite. 
Micromechanical anemometers have most recently been employed to monitor superfluidic 
turbulence [15], Karmen vortices [16] and for active flow control in aeronautics [17]. Hot-
wire anemometers use an electrically heated wire to monitor fluid velocity. The principle 
works as fluid flowing past the wire effectively cools the system through forced convection, 
which typically results in a measureable change in electrical resistance. Similar concepts 
using hot-wire fiber Bragg gratings (FBGs) have recently been demonstrated [18–21], where 
the FBGs are directly used to optically monitor thermal fluctuations. However these have not 
been monolithically integrated. In this work a MOEMS hot-wire anemometer is constructed 
that uses an exposed section of optical fiber as the ‘hot-wire’. The fiber-FHD platform used to 
realize this is conducive to monolithic microfabrication, enabling micro-heaters to be directly 
integrated over a selected FBG section. 
Concept and theory 
The hot-wire anemometer presented in this work consists of a silicon chip on which an optical 
fiber is adhered using FHD silica. After fabricating the fiber-FHD composite selective etching 
of silicon and FHD is made to form a bridge of optical fiber 1 mm in length, illustrated in Fig. 
3. Selective deposition of gold both onto the exposed fiber and chip is made to form a 
conducting wire and supply tracks. To monitor thermal fluctuations two FBGs are positioned 
on the bridge structure (B) and the main body of the chip (A), as illustrated in Fig. 3. 
 
Fig. 3. The geometry of the hotwire anemometer consisting of an optical fibre surrounded by a 
conducting gold layer. Fibre Bragg gratings are located at A and B. Gold was sputtered 
resulting in a non-uniform coating around the fibre. 
The spectral response of an FBG to physical changes is understood to be [22], 
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(1 )B axial Tα
λ ρ ε ηλ
Δ
= − Δ + Δ  (1) 
where λB is the Bragg wavelength, ρα is the photoelastic coefficient, εaxial is the strain, η is the 
thermo-optic constant and T is temperature. For SMF28 the thermo-optic coefficient is 
approximately 13pm.K−1 at 1550nm [22]. 
The heat transfer of a hot-wire system can be expressed as, 
 dE W H
dt
= −  (2) 
where E is thermal energy stored, W is power generated by joule heating and H is heat 
transferred to surroundings. The heat transfer is the summation of convection, conduction and 
radiation parts. Considering the steady state condition (dE/dt = 0) and making the 
assumptions of small radiation and conduction contributions and an equilibrated temperature 
over sensor length then, 
 ( )2 w aI R hA T T= −  (3) 
where I and R are the electrical current and resistance, Tw and Ta are the temperatures of the 
wire and air respectively, A is the surface area of the wire and h is the heat transfer. Heat 
transfer is a function of fluid velocity v, which according to King’s Law approximates, 
 ch a bv= +  (4) 
where a, b and c are constants, with the Siddall and Davies corrected empirical value for c 
being accepted as 0.45 [23]. Combining Eqs. (1-4) the spectral Bragg shift of grating B (see 
Fig. 3) can be approximated by 
 
2
0
0.45( )B
I R
A a bv
λ ηλΔ =
+
 (5) 
This equation is valid only when King’s Law sufficiently approximates heat transfer. 
Considering Reynolds number Re as a descriptor for characteristic fluidic phenomena. For 
a hotwire anemometer the Reynolds number is, 
 e
vdR
γ
=  (6) 
where v is the perpendicular fluid velocity, d is the diameter of the cylinder and γ is the 
kinematic viscosity. Rigorous description of hotwire anemometers at very low Reynolds 
numbers are understood to exhibit a so called ‘buoyancy effect’, where free convection 
dominates over forced convection. One such phenomena described by Collis and Williams 
[24] highlighted that free convection is significant when the Reynolds number is less than the 
cube root of the Grashof number Gr shown in following equation, 
 13e rR G>  (7) 
The following results shall show the fabricated device approximating King’s Law and at low 
fluid velocity deviating from this trend and exhibiting molecular free convection phenomena. 
Results 
The fabricated device consisted of bridge section that was 1 mm in length and contained a 
Bragg grating of equal length. Additionally a Bragg grating was defined away from bridge 
structure to monitor thermal fluctuations for the bulk chip. Both Bragg gratings were 
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fabricated using direct UV writing (DUW) after the fiber was bound to the wafer [25–27] 
using FHD. 
FHD silica soot was formed through burning precursors of SiCl4, PCl3 and BCl3 at flow 
rates of 139, 31 and 70 sccm respectively, using the torch configuration illustrated in Fig. 1. 
The oxyhydrogen flame produced by the torch had O2, H2 and Ar flow rates set to 6.5, 1.9 and 
8.0 l.min−1 respectively. Consolidation of the soot was subsequently made at 1260°C, after 
which thickness and refractive index were measured using a Metricon Prism Coupler, giving 
values of 2µm and 1.4452 respectively. 
The micro-mechanical bridge structure was defined through the selective removal of 
silicon and FHD silica substrate beneath the adhered fiber, using standard planar processing 
techniques [28,29]. The bridge was subsequently patterned with gold through forming a mask 
and depositing gold through sputtering. Two gold contacts at the roots of the bridge were also 
defined to assist electrical connection. The resistance of the sampled element was 0.16 kΩ. 
 
Fig. 4. Spectral tunability with respect to operational power. 
Figure 4 illustrates the spectral tuning of grating B (see Fig. 3) with supplied electrical 
power, demonstrating an efficiency of 0.46 nm/mW, which is more efficient than comparable 
optically heated FBG anemometers [18–21]. The spectral response is linear with increasing 
power except for higher operational powers, where the spectrum becomes characteristically 
chirped shown in Fig. 5. It is suggested that the cause of chirp is a consequence of heat 
dissipation through the roots of the bridge resulting in a temperature variation over the 
grating. 
The thermo-optic coefficients of the two gratings were calibrated by placing the chip in an 
oven over a 20-60°C temperature range. The measured values were 14.0 ± 0.4 pm.K−1 in the 
body of the chip (position A in Fig. 3) and 14.1 ± 0.4 pm.K−1 in the hot-wire section (position 
B). This is comparable to the accepted FBG response of 13pm.K−1 at 1550nm, with the small 
increase being a likely result of the silicon substrate having a greater thermal expansion 
coefficient than the silica fiber. 
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Fig. 5. Spectral tunability for selected operational voltages, indicating presence of spectral 
chirp. 
It is observed in Fig. 5 that a 1.6 V (16mW) operational voltage corresponds to ~4.1 nm of 
Bragg grating shift. Inferring spectral shift as thermo-optic response, this is equivalent to an 
operational temperature of 584 ± 8 K, notably a temperature that exceeds the operational 
specification of most glues. 
The following data considers a maximum 1V applied operational voltage (corresponding 
to 6.25mW). The spectral shift of grating B at this drive voltage is 3.23nm, from which an 
inferred operational temperature of 522 ± 6 K is assumed. This is approximately 100 K 
greater than that achieved with optically heated FBG approaches [18–21] and more typical of 
traditional hot-wire anemometers [23]. 
The following experimental data was taken using dry nitrogen gas, which shall be termed 
as ‘fluid’ in the following discussion. Fluid velocity was calibrated using a commercial 
hotwire TSI Airflow anemometer (TA460 with the Probe 484). The specified error of the 
commercial anemometer is ± 15 mm.s−1 or ± 3% whichever is greatest. The gauge and chip 
were located within a cylindrical tube such that they were level and perpendicular to the flow. 
Figure 6 depicts data taken at a 6.25 mW operational power. It is noted that two distinct 
regimes are observed from the data. There is a high fluid velocity regime >10 mm.s−1, where 
the data follows King’s Law as understood in Eq. (5) and a lower fluid velocity regime <10 
mm.s−1, where the data deviates from King’s Law. 
The deviation from King’s Law occurs at ~11 mm.s−1, which from Eq. (6) corresponds to 
a Reynolds number of 0.13 (considering a fiber diameter of 125µm and a kinematic viscosity 
of 0.014 [30]). Through extrapolating the work by Collis and Williams [24] this is the 
expected value at which the interaction between forced and free convection becomes 
significant, termed as buoyancy effects. 
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Fig. 6. The spectral response of a Bragg grating located in a hot-wire element (1V operating 
potential) subject to increasing air-velocity. 
Greatest sensitivity occurs at lower air velocities that still approximate King’s Law. 
Taking a fluid velocity of 15mm.s−1 a corresponding 12.3 pm/mm.s−1 sensitivity can be 
inferred. To quantify resolution a constant fluid flow was established at this fluid velocity and 
a 5-sample standard error of 2 pm was measured. This suggests a maximum resolvable air 
velocity of ~0.2 mm.s−1 for this operational voltage. This measurement removed the error 
most notable in Fig. 6 that is associated with the commercial hot-wire anemometer used for 
calibration ( ± 15 mm.s−1). The result shows greater sensitivity than optically heated FBGs 
[18–21], which typically show 10’s mm.s−1 resolution. This difference is believed to be a 
result of the greater operational temperatures that are achievable with the reported device. 
 
Fig. 7. Device sensitivity for a Bragg grating anemometer, with respect to operational voltage. 
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Figure 7 illustrates the sensitivity and associated error at mid-range test velocity (i.e. 
sensitivity at 30 mm.s−1) for several operating powers. As expected from Eq. (5) sensitivity 
follows linearly with operational power (I2R), with larger operational powers having greater 
sensitivity. 
It must be noted that there was a relatively small spectral increase in Bragg grating ‘A’, 
during measurements. This corresponded to 3.6 K at maximum operational power and is a 
result of bulk heating. One additional use for this could be monitoring of the drive current. 
Conclusions 
We have demonstrated for the first time a fiber-FHD composite. The application chosen for 
demonstration has been a hot wire anemometer. It was shown that the composite has the 
ability to withstand planar processing and inferred operational temperatures exceeding 580K. 
Furthermore, Bragg gratings can be directly written into the structure to measure physical 
actuation. 
The fabricated device had a maximum resolvable air velocity of 0.2 mm.s−1 and was 
sufficiently sensitive at low velocities to measure fluidic buoyancy effects, when free 
convection becomes significant over forced convection. 
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